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Abstract 
Conifer regeneration in ponderosa pine forests of the Colorado Front Range depends on a 
relatively narrow set of climate requirements and may therefore be sensitive to increased 
temperature and altered precipitation regimes associated with human-induced climate change. 
Our study implemented a field experiment to examine the effects of microclimate manipulations 
of temperature and water on changes in stem height, biomass, and survival of ponderosa pine 
(Pinus ponderosa) and Douglas-fir (Pseudotsuga menziesii) seedlings planted in a recently 
disturbed setting. We also examined potential differences in shrub and herbaceous biomass in 
response to the microclimate manipulations. Our study employed a full factorial design to 
compare conifer seedling growth and survival among four experimental treatment types: (A) 
warmed only, (B) watered only (C) warmed + watered, and (D) control. We report findings only 
from the 2013 field season (year 2 of the experiment). Averages were compared using 
appropriate parametric (ANOVA + Tukey’s HSD) and nonparametric (Kruskal Wallis + Mann 
Whitney U) statistical techniques. We found significant and consistent differences among the 
four treatment types in terms of average growth and survival (P < 0.05). Average growth and 
survival was highest in the watered-only treatment and lowest in the warmed-only treatment. 
Additionally, control plots were typically characterized by higher growth and survival than 
warmed + watered plots. This general trend (B > D > C > A) was observed for both ponderosa 
pine and Douglas-fir, although average growth and survival was higher in ponderosa pine than in 
Douglas-fir, regardless of treatment type (P < 0.05). Our findings suggest that warming 
temperatures and associated drought related to human-induced climate change is likely to inhibit 
post-disturbance regeneration of ponderosa pine and Douglas-fir.  	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Introduction 
 
Warming temperatures and altered precipitation regimes associated with human-induced 
climate change may limit the resiliency of dry, ponderosa pine forests to wildfire. Historically, 
fire promoted conifer regeneration in these forests by reducing competition with grasses and 
shrubs and providing bare mineral soil for germination (White, 1985). Pulses of widespread 
establishment occurred in years of above-average moisture availability (Savage et al., 1996; 
League & Veblen, 2006; Feddema et al., 2013; Savage et al., 2013). Given the sensitivity of 
conifer regeneration to climate conditions, increased air temperature and associated drought may 
result in changes to post-fire regeneration processes.  Moreover, although wildfire is an 
important disturbance agent in ponderosa pine forests, recent changes in wildfire regimes are 
concerning and may further alter conifer regeneration patterns.  In the western U.S., the 
frequency of large wildfires has increased in recent years (Westerling et al., 2006), and in some 
areas, fire severity has also increased (Dillon et al., 2011). These changes in fire activity may be 
related to a number of factors including shifts in fuels, precipitation, temperature, and seasonality 
of moisture availability (Dale et al., 2001). Warmer, drier conditions along with increased fire 
activity may lead to unprecedented changes in vegetation composition and structure in dry, 
ponderosa pine forests of the Colorado Front Range. Following disturbance, new species 
compositions may emerge as establishment occurs most abundantly among species best suited to 
the current climate rather than those favored previously (Spittlehouse & Stewart, 2003; 
Johnstone et al., 2010). 
 The primary objectives of this research study were to: (1) examine the effects of 
experimental manipulation of temperature and water availability on the growth and survival of 
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ponderosa pine and Douglas-fir seedlings, (2) examine potential differences in above-ground vs. 
below-ground biomass partitioning related to microclimate conditions, and (3) compare 
herbaceous and shrub groundcover among the four treatment types. We hypothesized that the 
microclimate manipulations would have significant impacts on the growth and survival patterns 
of both ponderosa pine and Douglas-fir. We expected that under simulated climatic variability, 
seedlings that were subjected to increased temperature in the absence of supplemental water 
would be the most likely to respond with decreased growth and survival rates.  We also 
hypothesized that the more drought tolerant ponderosa pine would show greater resilience to 
warming and associated moisture stress than Douglas-fir. Biomass partitioning among leaves, 
stems, and roots of the conifer seedlings was also expected to vary, as we hypothesized that 
allocation to roots as opposed to stems and foliage, would be greater under hotter, drier 
conditions.  Finally, the presence of non-conifer ground cover was expected to vary and be 
associated with differences in the growth and survival of seedlings due to increased competition 
for water, nutrients, and light.   
 Lower montane forests of the Colorado Front Range are likely to be affected by climate 
change and altered disturbance regimes, but there are many ecological relationships that must be 
further investigated to improve understanding of this problem.  By examining how ponderosa 
pine and Douglas-fir regeneration might respond to a changing climate, we will improve our 
ability to make informed decisions regarding the management of these forests which provide a 
valuable source of habitat, carbon storage, and recreational opportunities. Successful conifer 
regeneration after large-scale disturbances is critical for maintaining this important resource in 
the Colorado Front Range.  
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Background 
Climate Change on the Front Range 
 Climate change has been studied extensively in recent years and the overall implications 
for forest health are extensive.  Deviations of average temperature and seasonal moisture 
availability are among the most significant variables influencing the risk of severe disturbance 
events in forests of the western United States (Dale et al., 2001; Westerling et al., 2006; Savage 
et al., 2013).  During the past 30 years, the state of Colorado has seen significant temperature 
increases, with 19 out of 27 observations stations in the state showing signs of a warming climate 
(Ray et al., 2008).  Mean temperature increases during the period of 1977-2006 showed a 2°F 
average increase statewide, with the northern Front Range experiencing the greatest deviation of 
2.5°F (Ray et al., 2008).  
 Despite these significant temperature increases occurring throughout much of Colorado, 
annual precipitation rates have remained highly variable with little to no deviation from the 30-
year baseline (Ray et al., 2008).  Climate projections out to the year 2050 are also uncertain as to 
whether precipitation rates will increase or decrease, but seasonal variability in precipitation will 
likely increase during this period (Ray et al., 2008).  Changes in seasonal moisture availability 
will have consequences for fire risk and regeneration patterns across the lower montane forests. 
 Approximately 63% of Colorado’s annual precipitation falls as snow during the winter 
and spring months, with significant differences between foothills and subalpine environments 
(Serreze et al., 1999).  Subalpine forests receive most snowfall throughout the winter months, 
while the montane and lower montane zones tend to receive the heaviest snows during the spring 
(Serreze et al., 1999).  This pattern promotes increased moisture availability for the lower 
elevation forests into the late spring and summer months.  However, climate models have 
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projected the greatest seasonal temperature increases during the winter and spring months, 
resulting in significant declines to snowpack along the entire elevation gradient on the Front 
Range (Clow, 2009).  Higher temperatures will also create a shift from snowfall to rainfall events 
at lower elevations and promote higher rates of evaporation (Clow, 2009).  Reduced snowpack, 
higher temperatures, and increased evaporation will reduce moisture availability during the 
summer months, positively influencing disturbance risk, including drought, fire, and insect 
outbreak (Clow, 2009).  By understanding the sensitivity of particular species to a range of 
climatic variability, projections can be used to develop a better understanding of the ecological 
impacts on lower montane ecosystems.  Climate change on the Front Range of Colorado is 
occurring and will likely influence forest composition, disturbance, and regeneration patterns. 
 The El Niño Southern Oscillation (ENSO) is another significant climatic anomaly that 
affects the Colorado Front Range, altering both precipitation and temperature patterns (League & 
Veblen, 2006).  This phenomenon is caused by extensive warming (El Niño) or cooling (La 
Niña) of the sea surface in the eastern and central Pacific Ocean, and has shown noticeable 
influence on conifer establishment and fire regimes on the Front Range (Veblen et al., 2000).  El 
Niño years tend to result in above average rates of spring and early summer precipitation, with 
lower overall temperature; in contrast, La Niña is characterized by higher spring and fall 
temperatures with decreased annual precipitation (League & Veblen, 2006).  This pattern of 
climatic variability can affect conifer establishment, fuels buildup, fuel moisture, and other 
factors that influence vegetation composition and disturbance (Veblen et al., 2000).  
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Lower Montane Climate and Vegetation  
   
 The lower montane zone of the Front Range of Colorado is characterized as a semi-arid, 
continental climate type that occurs between 1,800 m- 2,350 m in elevation (Figure 1; Sherriff & 
Veblen, 2008). The area around Boulder, CO receives an average of 395mm of precipitation 
annually, with the highest precipitation rates in May and the lowest in January (Mast et al., 
1998).  Average monthly temperatures vary significantly throughout the year, peaking in July at 
31°C and a dropping to a low of -8°C in January (League & Veblen, 2006).  The lower montane 
forests of the Colorado Front Range are composed of dominant ponderosa pine and co-dominate 
Douglas-fir species, which occur heterogeneously across the landscape (Fornwalt et al., 2003; 
Veblen et al., 2012).   
 Ponderosa pine is well adapted to arid landscapes and dominates throughout the lowest 
elevations of the Front Range but mixes with Douglas-fir at higher elevations between 1,700m - 
Figure 1. Major Vegetation Zones on the Colorado Front Range (Kaufmann et al., 2006) 	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2,200m, on mesic, north-facing slopes (Peet, 1981; Kaufmann et al., 2006).  These mixed 
ponderosa pine-Douglas-fir forests tend to exhibit a large variability of stand density, ranging 
from between 150-2000 trees per hectare (Peet, 2000).  Douglas-fir is not as well adapted to 
drought conditions and requires lower temperatures and slightly higher levels of moisture to 
become established (Arno, 1980).  North-facing slopes provide a favorable environment for 
Douglas-fir establishment, as cooler, moister conditions are present due to less direct sunlight 
striking this aspect (Romme et al., 2003).  Understory vegetation in these forests, consists of 
mostly grasses and forbs, which can produce competitive interactions and lead to the build up of 
fine surface fuels (Kaufmann et al., 2000).  
 
Tree Regeneration Patterns 
 Tree regeneration is an ecological process, which is dictated by a variety of factors 
including climate, competition, microsite conditions, and a host of other variables.  ENSO is a 
driving factor that demonstrates a strong correlation between moisture availability and ponderosa 
pine establishment and growth.  Many studies have indicated that most conifer establishment in 
the lower montane zone occurs during years of above average moisture related to El Niño cycles 
(Boyden et al., 2005; League & Veblen, 2006).  Tree ring chronologies have corroborated this 
relationship and show significant correlations between moisture availability and tree 
establishment and growth (Figure 2; League & Veblen, 2006).  However, conditions conducive 
to conifer development during El Niño years also generate significant quantities of fine fuels, 
such as grasses and forbs, which may increase risk of wildfire during La Niña cycles (Kauffman 
et al., 2000).  In many cases fire is beneficial to the establishment of ponderosa pine and 
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Douglas-fir seedlings, as both are relatively shade intolerant species and require canopy openings 
for successful regeneration (Kaufmann et al., 2000; Sheriff & Veblen, 2006).   
 
 
Figure	  2-­‐	  Superposed	  epoch	  analysis	  of	  (A)	  March-­‐May;	  (B)	  November-­‐February	  seasonal	  aridity	  index;	  and	  (C)	  January-­‐February	  Multivariate	  El	  Niño/Southern	  Oscillation	  Index	  (MEI)	  compared	  to	  establishment	  year	  (League	  &	  Veblen,	  2006).	  	  
  
 Climate change may impact tree regeneration patterns as temperature increases and 
moisture availability is decreased.  Tree-ring data confirms that growth of conifer species slows 
on the Front Range under the hot, dry conditions present during La Niña years, and poses a 
greater risk for wildfire (Pielke et al., 2005; Westerling et al., 2006).  One study that examined 
the effects of climate change found that hotter, drier environments were the most significant 
factor in decreased conifer productivity, as more energy was allocated to physiological 
maintenance and belowground root development than foliar growth (Delucia et al., 2004).  The 
projected changes in climate on the Front Range of Colorado could lead to less productive 
forests as temperature and moisture stress limit conditions beneficial for tree regeneration.   
 
Post-Disturbance Competition  	  
 Competitive interactions are common among species that share similar niches and 
resources within an ecosystem.  Under most circumstances, ground cover, including grasses and 
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forbs slow conifer development by competing with seedlings for nutrients, water, sunlight, and 
other resources (Dodson & Root, 2013).  However, in a post-disturbance environment, rapid 
seedling establishment often takes place, as circumstances are favorable for germination under 
reduced competitive pressures (Peet, 1981).  Resources become more abundant in the post-fire 
environment as ground cover mortality reduces competition, permitting a pulse of seedling 
germination and establishment (Baker et al., 2007). 
 Interspecific and intraspecific competition become more significant for trees in the years 
following establishment, leading to natural thinning in response to increased stand density (Peet 
& Christensen, 1987).  This is a common outcome of natural selection, as better performing 
individual trees outcompete their neighbors for light, water, and soil nutrients (Peet & 
Christensen, 1987).  During years of extreme temperature and drought, scarcity of limiting 
resources, such as water, may facilitate stronger competitive interactions.   
 
Fire Regimes of Front Range Forests 
 Wildfires in Colorado are dictated by a variety of factors including fuels, forest structure, 
climate, and seasonal weather patterns.  Historic fire regimes of the lower montane ponderosa 
pine forests have been typically characterized by high frequency, low severity fires, which 
maintained open woodlands (Romme et al., 2006).  This forest structure was sustained by a 
frequent fire interval of 4-36 years that prevented the buildup of surface and ladder fuels that 
could cause stand-replacing fires (Shoennagel et al., 2004).  Tree-ring and fire scar records 
indicate that significant fire years were coupled with dry La Niña patterns, which often followed 
moist El Niño conditions by one to three years (Veblen et al., 2000).  It is likely that this type of 
fire regime is most applicable to the ponderosa pine ecotone of the Colorado Front Range, where 
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grasslands meet the forest (Veblen, 2003). Higher elevation forests of the lower montane are 
composed of mixed density ponderosa pine and Douglas-fir forest stands, leading to a complex 
fire regime by combining characteristics of low severity and high severity fire (Schoennagel et 
al., 2004).   
 20th century fire suppression policies and grazing activity have led to a major shift in the 
low severity fire regime, by reducing the frequency of fire intervals (Donnegan et al., 2001; 
Romme et al., 2003). This reduction in fire frequency resulted in a large buildup of fuels, leading 
to some large, catastrophic fires in the western United States (Tepley et al., 2012).  Forest 
thinning treatments and prescribed burns are most effective in the lower elevation, dry ponderosa 
pine forests, as surface and ladder fuel are the most significant cause of stand replacing fires 
(Schoennagel et al., 2004).  
 However, the ponderosa pine-Douglas-fir forests of the northern Colorado Front Range 
have a more heterogeneous pattern of fire frequency and severity.  Recent studies have suggested 
that a mixed severity fire regime occurs in the lower montane zone of this region, due to lower 
average temperatures and increased moisture availability (Romme et al., 2006).  This climate 
pattern significantly reduces fire return intervals, providing conditions conducive for higher 
density forests and increased fuel loads, which facilitates the variability of a mixed severity fire 
regime (Veblen, 2003).  Topographic variation also influences fuel density in this zone, as south 
facing slopes tend to maintain an open woodland structure, while north facing slopes are 
composed of higher density forest stands (League & Veblen, 2006).  
 The fire regime of mixed ponderosa pine-Douglas-fir forests is likely attributed to a 
combination of climatic variability, weather, stand structure, and fuels.  Most fire histories along 
the lower Front Range have been significantly correlated with interannual climate cycles and 
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extreme fire weather, including high winds and low humidity (Sherriff & Veblen, 2007).  
Conditions suitable for high severity fires occur less frequently in the higher elevation ponderosa 
pine-Douglas-fir forests, but under extreme weather, fires are likely to burn independent of stand 
structure and fuel loads (Shoennagel et al., 2004).  Forest thinning treatments are also less likely 
to be effective in this zone, as climate and weather are the most significant factors driving fire 
severity (Shoennagel et al., 2004).  A study conducted on the devastating Four Mile Canyon Fire 
in Boulder County, CO found that forest treatments did not reduce intensity or extent, and that 
extremely dry and windy conditions facilitated the high severity fire (Graham et al., 2012).  
Recent burn patterns and historic data indicate that the mixed severity fire regime is not outside 
of the historic range of variability, but may be shifting to an increase of size and frequency 
(Shoennagel et al., 2004).   
 In response to projected trends in regional climate on the Colorado Front Range, we 
sought to develop an understanding of ecosystem response to disturbance by studying conifer 
regeneration patterns of conifer seedlings in the lower montane zone.  With increased fire 
severity being observed or suspected in the lower montane zone, regeneration of conifer species 
is more essential to maintain this critical ecosystem.  Our study examines ponderosa pine and 
Douglas-fir seedling response to various climate manipulations by monitoring survival, growth, 
and biomass development characteristics.   
Methods  
Study Area  
 This experiment was developed on a closed section of Heil Valley Ranch Open Space in 
Boulder County, Colorado.  The research site is located at 40.15°N 105.32°W, with an elevation 
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of 1,960m, placing it within the confines of the lower montane zone of the Colorado Front Range 
(Kaufmann et al., 2006).  The experiment was installed on a gently sloping, north-northeast 
aspect in May of 2012 and consisted of 100 experimental plots in a meadow opening surrounded 
by ponderosa pine forest. Data from a nearby weather station (Boulder, 1893–2013) indicate that 
the mean maximum January temperature is approximately 7.2° C and mean maximum July 
temperature is approximately 30.2° C. Total annual precipitation is approximately 476 mm. 
Precipitation patterns vary over the course of the year with peak precipitation typically occurring 
in spring and summer months (Western Regional Climate Center, 2014).  
 
Field Methods  	  
 Site preparation for the field experiment began in the spring of 2012. A macro plot of 35 
x 42 m was installed and then divided into 120 micro plots of 3.5 x 3.5 m. Due to excessively 
rocky or uneven surfaces in portions of the macro-plot, only 100 of the micro plots were selected 
for use in the experiment. Within the 100 micro plots, treatment areas were established using 
hexagonal templates with a surface area of 2.6 m2 (Figure 3).  We had originally planned to 
initiate the experiment following a prescribed burn, but Boulder County was under a fire ban 
during that spring due to extreme drought conditions, which prevented the planned controlled 
burn from taking place.  In response, we simulated burn characteristics by killing all surface 
biomass through scraping away vegetation to bare mineral soil (Kayes et al., 2010).  
 1,400 ponderosa pine and Douglas-fir seedlings were purchased from the Colorado State 
Forest Service in Ft. Collins, CO for use in the experiment.  The treatment area in each of the 
100 micro plots was planted with seven of each species, which alternated positions in the 
planting rows.  After the seedlings were planted, all plots were regularly watered for 
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approximately one month to help them acclimatize and assist in reestablishing under new 
environmental conditions (Eliot & White, 1987). The plots were then randomly selected for 
different warming and watering treatments, following a full-factorial design. The four treatments 
used in this study were: (A) warmed only, (B) watered only, (C) warmed + watered, and (D) 
control. Each plot received an ID from 1-100 and was assigned a corresponding treatment code 
of A, B, C, or D (Figure 3). The random selection of treatments ensured that any affects resulting 
from uncontrolled macro plot level variability, including sunlight availability, soil chemistry, soil 
structure, slope, and ground cover was minimized. 
Climate data and modeling projections recognize a likelihood of increased annual 
temperatures and potential variability in quantity of annual and seasonal precipitation (Ray et al., 
2008).  In order to simulate the projected temperature increases, techniques were utilized to 
artificially warm treatment plots by c. 2 °C, which falls within the 1.4–3.1 °C forecasted 
temperature increase expected by 2050 in Colorado (Ray et al., 2008).  Small open-top 
greenhouse chambers were built for 50 of the 100 plots, which increased air temperature to 
within the projected temperature range, and also allowed for precipitation to provide additional 
soil moisture (Molau & Mølgaard, 1996).  HOBO dataloggers were installed in 16 plots across 
the site to track daily air temperature and relative humidity from each treatment type (Molau & 
Mølgaard, 1996). The chambers were installed each year at the beginning of June and removed 
at the end of September before the first snowfall.  
Watering treatments were also developed, allowing us to analyze how moisture 
availability would impact conifer seedling regeneration under varying temperature conditions.  
The goal of the watering treatments was to simulate moisture conditions similar to years in the 
upper quartile of the precipitation range in the lower montane zone of the Colorado Front Range.  
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Boulder County Parks and Open Space provided a large water tank, pump, and hoses to deliver 
water to the micro plots, which facilitated the weekly watering treatments.  Watered plots 
received approximately two gallons of water weekly, in addition to natural precipitation that fell.  
The watering schedule continued on the same seasonal basis (June-Sept) as the warming 
treatments.  During the extremely hot and dry summer months of 2012 and in certain portions of 
2013, additional watering was occasionally delivered to all 100 plots regardless of treatment type 
to offset the fact that ambient conditions were atypical.  
 
Figure 3. Study area including (a) the general site location in the Colorado Front Range, (b) the 
macro plot with placement of experimental treatments indicated by letters (A = warmed only, B 
= watered only, C = warmed and watered, and D = control), (c) the micro plot, and (d) the 
treatment area.	  
 
 Our research site was located within the seasonal migratory path of dense populations of 
elk and mule deer, which are known to feed voraciously on conifer seedlings during the winter 
A C C D D D A A D B 
B B A A D B C  C D 
C D B C C B D C A A 
A A A D B C C D B B 
 C C A B A C D D C 
A D B B A A D D B C 
A C C B B A D B A  
D D B C D C   A  
 A B  B B C C D  
D  C  A C B A B C 
D   A  B D D C B 
    A D  B A  ! A = 2.6 m2 
Denver 
Site location 
Colorado 
(a) 
(b) 
(c) 
(d) 
35 m 
42
 m
 
3.5 m 
1 m 
	  	  
14	  
months, when more nutritious and plentiful grasses are absent (Burney & Jacobs, 2011).  In an 
attempt to diminish the risk of herbivory on seedlings during the winter, a 2-meter snow fence 
was installed to enclose the plot and reduce the likelihood of any ungulate related mortality.    
 
Height Growth Rate and Survival Sampling  	  
 Although changes in seedling stem height and survival were documented in both 2012 
and 2013, in the current study, we analyzed the height and survival data only for the 2013- 
growing season for all 100 plots. We conducted seasonal height growth measurements (cm), 
which were taken from ground level to the tip of the stem.  These measures were collected in the 
spring, prior to the application of treatments and again at the end of the growing season after 
treatments had been ceased. All seedling growth data were then calculated into a growth rate to 
better quantify the seasonal change in height.  Mortality data were also collected during our 
seasonal field measurements, to identify the rate that seedlings succumbed to environmental 
pressures.  This data was converted into a 2013 seasonal survival rate, which was based on 
species and treatment type.   
 
Biomass Sampling 	  
 After the 2013 growing season ended, 80 plots out of the 100 plots were selected to be 
included in an analysis of biomass development.  In order to ensure an equal number of samples 
from each treatment type, 20 plots from each treatment type were randomly selected.  All 80 
plots were then harvested of all live biomass and assigned a sample type based on species and 
plant part.  All non-conifer vegetation was harvested at the aboveground level, excluding roots, 
and was termed non-conifer biomass (NCB).  Ponderosa pine seedlings were carefully 
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excavated, along with the entire root structure.  Each seedling was separated at the root collar 
into two samples, ponderosa pine roots (PIPO-R), and ponderosa pine aboveground biomass 
(PIPO-S+F).  The same process was conducted for the Douglas-fir seedlings, which included 
separating the root biomass (PSME-R) from aboveground biomass (PSME-S+F) into separate 
samples.  
 
Lab Methods  	  
 All harvested biomass samples were desiccated in an oven at 70° C to remove all water 
weight. Each sample was measured periodically over a two-day period, until the biomass net 
weight stabilized to within 0.2 grams of the previous measurement. NCB, PIPO-S+F, and 
PSME-S+F samples were straightforward and required no additional preparation prior to oven 
drying.  However, the PIPO-R and PSME-R samples were heavily compacted with dirt and it 
was a prerequisite to thoroughly rinse and clean each sample prior to processing.  These weights 
(g) were documented and organized by treatment type (A, B, C, or D) for further evaluation.  
 
Data Analysis  	  
 All data was organized by sample and treatment type to conduct our statistical analysis 
using R.  Sample types were developed to study the effects of each treatment on aspects of 
seedling regeneration from both conifer species and NCB. These samples included PIPO-S+F, 
PIPO-R, PSME-S+F, PSME-R, NCB, PIPO-Survival Rate, PIPO-Growth Rate, PIPO 
Root/Shoot Ratio, PSME-Survival Rate, PSME-Growth Rate, and PSME Root/Shoot Ratio.  An 
initial normality test was conducted at the 99% confidence level on all data sets to identify 
whether parametric or non-parametric statistics were appropriate (Table 1).  The Shapiro-Wilk 
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normality test was chosen to test each sample, as it is a standard method to identify skewedness 
of statistical data (Westerling et al., 2006). Histograms of each variable were also created to 
corroborate the results of the Shapiro-Wilk tests.  
 
Table 1. Variables assessed in the current study. P-values are provided for variables that are not 
normal according to results of Shapiro-Wilk tests performed at the 99% confidence level. 
PIPO=ponderosa pine seedlings, PSME=Douglas-fir seedlings, NCB = non-conifer vegetation, 
S+F = stems and foliage (above-ground biomass), R = roots (below-ground biomass).  
 
Sample Data  P-Value 
Growth %   
PIPO n.s. 
PSME <0.01 
    
Biomass    
PIPO-S+F n.s. 
PIPO-R n.s. 
PSME-S+F <0.01 
PSME-R <0.01 
NCB n.s. 
    
Root to Shoot Ratio   
PIPO <0.01 
PSME  n.s. 
    
Survival %   
PIPO <0.001 
PSME <0.001 
 
 Normal variables were then assessed using ANOVA to test for significant differences of 
means between the four treatment types, at a 95% confidence level (Rogerson, 2010).  
Significant ANOVA findings were further evaluated using the Tukey HSD post-hoc test to 
conduct pairwise comparisons of each mean in the sample to identify potential differences 
among individual treatment types (Martinez-Vilalta & Piñol, 2002).  Non-normal samples were 
analyzed using the Kruskal-Wallis rank sum test, to identify significant differences in medians 
by treatment type (Bigler & Veblen, 2011).  Significant differences of medians at the 95% 
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confidence level were analyzed further using the Mann-Whitney U-test to conduct pairwise 
comparisons of treatment medians from each sample (Hessburg et al., 2007).  Mann-Whitney 
was also used to conduct pairwise comparisons on treatment medians between all ponderosa pine 
and Douglas-fir sample types (Appendix: Table 1).  This testing was done to analyze potential 
differences in response by both species to the treatment manipulations.    
Results 
Overview 
 We found that growth and survival of both ponderosa pine and Douglas-fir were strongly 
affected by the experimental treatments we implemented in this study.  In most cases, seedlings 
from warmed only (A) plots responded more negatively in terms of reduced growth and survival 
than seedlings from each of the other treatment types.  Ponderosa pine and Douglas-fir showed 
similar growth and survival patterns under each treatment type; however, ponderosa pine 
generally grew more and survived at a higher rater than Douglas-fir, regardless of treatment type.  
There were also significant differences in biomass partitioning, as Douglas-fir shoot ratios varied 
by treatment type.  Growth trends were correlated with treatment manipulation, and each sample 
type expressed similar response patterns across all variables.   
 The HOBO data loggers recorded air temperature and relative humidity over the course of 
the entire field season (June-September) in 2013 (Figure 5, Table 2). The data indicate that average 
temperatures were higher in the two warmed treatment types (A, C), especially during midday (10 
am - 4 pm). Midday temperatures were approximately 2°C hotter in the warmed only (A) plots than 
in both the control (D) and watered only plots (B). The warmed + watered (C) plots were slightly 
cooler, with midday temperatures that were on average 1°C hotter than both the control and watered 
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only plots. Nighttime temperatures among the four experimental treatments were similar. With 
regard to relative humidity, we observed that the warmed only plots were substantially drier around 
midday than the other three treatment types. Relative humidity was similar among the treatment 
types at night, with the exception of notably higher relative humidity in the warmed + watered plots.	  	  	  	  
	  
Figure 5. Average relative humidity (%) and temperature (°C) over the course of a day for each 
of the four treatment types. Solid lines correspond with temperature while dashed lines 
correspond with relative humidity. The different treatment types are represented by different 
colors: Red = A (warmed only), Blue = B (watered only), Purple = C (warmed and watered), and 
Grey = D (control). Data for the entire field season (June–September) were used to generate 
averages for each time of day. 
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Table 2. Mean microclimate conditions for each of the four treatments as documented by 8 
HOBO dataloggers (2 per treatment type).  
 Treatment A 
(warmed 
only) 
Treatment B 
(watered only) 
Treatment C 
(warmed + 
watered) 
Treatment D 
(control) 
Mean Daily Temperature 
(°C) 
21.31 19.99 20.41 19.94 
Mean Daily Maximum Temperature 
(°C) 
35.03 30.25 32.83 30.35 
Mean Daily Relative Humidity 
(%) 
60.17 61.01 64.85 62.21 
Mean Daily Minimum Relative Humidity 
(%) 
34.34 40.48 39.01 41.46 
 
	  
Ponderosa pine 	  
 An ANOVA test concluded that there was a significant difference (P < 0.05) between the 
means of ponderosa pine growth rates under the various treatments when analyzed at the 95% 
confidence level.  Further ANOVA testing found the same to be true of ponderosa pine 
aboveground biomass (P < 0.05) and root biomass (P < 0.05).  Tukey HSD post-hoc analysis 
determined that Treatments B and D showed significantly higher rates of regeneration factors 
than Treatment A (P < 0.05) (Figure 6).  Treatments B and D were always statistically similar, 
while Treatments A and C were also similar in most cases. 
 Using the Kruskal-Wallis rank sum test for non-normal data, it was concluded that the 
median survival rate of ponderosa pine seedlings under different treatments expressed a 
significant difference (P < 0.05) at the 95% confidence level.  Pairwise comparisons using Mann-
Whitney post-hoc analysis found that Treatment B and D had a significantly higher survival rate 
than treatment A (P < 0.05) (Figure 6).  Similar to the trend found in the normal data sets, 
Treatments B and D were the same, and Treatments A and C were the same.   
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Figure 6. Ponderosa pine aboveground biomass, root biomass, height growth, and survival data 
by sample type and treatment type, with pairwise comparisons. A = warmed only, C = warmed + 
watered, B = watered only, D = control.  Boxplot explanation- Central horizontal line indicates 
the median value, top line of the box is upper quartile (25%), bottom line of the box is lower 
quartile (25%), and vertical lines represent the top or bottom 25% of values. Dots above and 
below box plots indicate outliers.  Small letters on top of each plot represent treatments that are 
significantly similar to the treatment below.	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Figure 7. Douglas-fir aboveground biomass, root biomass, height growth, and survival data by 
sample type and treatment with pairwise comparisons. A = warmed only, C = warmed + watered, 
B = watered only, D = control.  Boxplot explanation- Central horizontal line indicates the median 
value, top line of the box is upper quartile (25%), bottom line of the box is lower quartile (25%), 
and vertical lines represent the top or bottom 25% of values. Dots above and below box plots 
indicate outliers.  Small letters on top of each boxplot represent results of pairwise comparisons. 	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Douglas fir  	  
 ANOVA testing of normal data at the 95% confidence level only found significant 
differences between medians of root to shoot ratios (P <0.05), which will be discussed in the 
next section of this paper.  The Kruskal-Wallis test for non-normal data identified significant 
differences at the 95% confidence level in all other sample types, including growth rate (P < 
0.05), survival rate (P < 0.05), aboveground biomass (P < 0.05), and root biomass (P < 0.05).  
Post-hoc pairwise comparisons conducted with the Mann Whitney U-test at the 95% confidence 
level identified the same general trends that existed between post-hoc analyses of ponderosa pine 
treatments (Figure 7).  Treatments B and D were similar under all sample sets, but significantly 
different from Treatment A (P < 0.05), with the exception of survival rates.  Treatments A and C 
were significantly similar in each sample, and also expressed less variability in range than 
Treatments B and D.  
 
Biomass partitioning 	  
 Data sets from root to shoot ratios were normal for Douglas-fir (P > 0.01) and non-
normal (P < 0.01) for ponderosa pine.  ANOVA testing on each of the Douglas-fir samples 
concluded that significant differences existed between treatment means (P < 0.05).  Post-hoc 
pairwise comparisons of Douglas-fir identified a significant (P < 0.05) divergence of means 
between non-warmed treatments (B, D) and warmed treatments (A).  Treatment B had slightly 
higher root to shoot ratios than Treatment D, while Treatment A had a greater root to shoot ratio 
compared to Treatment C; however, the warmed plots (A) had higher root to shoot ratios than 
non-warmed plots (B, D) (Figure 8). 
	  	  
23	  
 Ponderosa pine root to shoot ratio data was non-normal (P < 0.01) and the Kruskal-Wallis 
rank sum test found a significant difference of medians between treatments (P < 0.05).  However, 
Mann-Whitney pairwise comparisons found there to be no significance between any of the 
means (P > 0.05).  
 
Figure 8. Ponderosa pine and Douglas-fir root-shoot ratio data, by treatment type with pairwise 
comparisons. A = warmed only, C = warmed + watered, B = watered only, D = control.  Boxplot 
explanation- Central horizontal line indicates the median value, top line of the box is upper 
quartile (25%), bottom line of the box is lower quartile (25%), and vertical lines represent the 
highest and lowest 25% of values. Dots above and below box plots indicate outliers.  Small 
letters on top of each boxplot represent results of pairwise comparisons. 	  
 
Non-Conifer Biomass 	  
 There was no significant difference between the means of NCB when applying an 
ANOVA test to these variables (P > 0.05; Figure 9).  Therefore, no post-hoc pairwise 
comparisons were administered to this data set.  NCB exhibited relatively little variation in 
means between each treatment type and treatments with warming chambers (A, C) showed 
slightly higher variability in NCB.   
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Figure 9. Non-conifer biomass by treatment type with pairwise comparisons. A = warmed only, 
C = warmed + watered, B = watered only, D = control.  Boxplot explanation- Central horizontal 
line indicates the median value, top line of the box is upper quartile (25%), bottom line of the 
box is lower quartile (25%), and vertical lines represent the highest and lowest 25% of values. 
Dots above and below box plots indicate outliers. 	  
 
Species Comparison- Ponderosa pine vs. Douglas-fir 	  
 Mann-Whitney U-tests conducted pairwise comparisons of data from each sample 
parameter (aboveground biomass, root biomass, growth rate, survival rate, and root-shoot ratio) 
between both species, and under every treatment variable. Results indicated that ponderosa pine 
had significantly higher growth rates in each treatment category, except for watered only plots 
(Appendix: Table 1).  Survival rates were similar between species in watered plots (B, C), but 
were significantly higher (P < 0.05) for ponderosa pine in warmed and control plots (A, D).   
 Aboveground biomass and root biomass comparisons also signaled significantly higher 
levels (P < 0.05) in ponderosa pine seedlings from all treatment types, with the exception of root 
biomass in warmed plots (A).  Root to shoot ratio was not significantly different between species 
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in any of the treatment types, although Douglas-fir did show a higher root ratio under Treatment 
A. 
Discussion 	  
Our study demonstrated that both temperature and water availability are important drivers 
of the growth and survival of ponderosa pine and Douglas fir seedlings. As hypothesized, 
increased temperatures resulted in lower average survival and growth rates for both conifer 
species, while increased moisture resulted in higher average survival and growth rates. Although 
historically, ponderosa pine forests of the Front Range demonstrated high resiliency to wildfire 
(Veblen & Lorenz, 1986), our findings suggests that warmer, drier conditions associated with 
climate change have the potential to reduce post-fire regeneration. If projections of continued 
warming and dryness are correct, ponderosa pine forests of the Colorado Front Range may 
exhibit more limited resiliency to wildfire and other disturbances, particularly at lower elevations 
closer to the forest-grassland ecotone.  
The microclimate modifications we implemented were effective. Temperature differences 
between experimental treatments were most notable during midday, from approximately 10 am 
to 4 pm. During that time, warmed only chambers were approximately 2°C warmer than control 
and watered only plots, while warmed and watered plots were approximately 1°C warmer than 
control and watered only plots. The similarity in air temperature among experimental treatments 
outside of the midday hours suggests that the open-top chambers did not create uniform warming 
through time, but instead resulted in amplified temperatures only when incoming solar radiation 
was present. The temperature manipulation that we achieved through our warming treatment was 
expected and has been observed in other studies that utilized open-top chambers for warming 
purposes (Chapin et al., 1996; Tercero-Bucardo et al., 2007). We did not monitor soil moisture 
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and we cannot say exactly how our watering treatments influenced soil moisture. However, 
differences in relative humidity among the experimental treatments indicate that air moisture was 
much more limited in the warmed only treatment than in any of the other three treatments.  
Our comparison of root to shoot biomass among the experimental treatments indicated 
that increased temperatures and associated moisture stress in warmed plots resulted in high root 
production relative to shoot production with Douglas-fir. However, this trend did not carry over 
to the results of ponderosa pine. For our Douglas-fir analysis, our findings are consistent with 
previous studies of biomass partitioning of plants under moisture stress (DeLucia et al., 1994; 
McMillan et al., 1995; Chaves et al., 2002), although Maherali and DeLucia (1999) found no 
differences in root to shoot ratios with temperature variability. Seedlings that are moisture 
stressed and allocate more biomass to their roots may be less likely to grow to a sufficient size to 
survive potential causes of death in ponderosa pine forests such as low-severity wildfire, 
herbivory, and competition.  
Although both ponderosa pine and Douglas-fir were sensitive to the microclimate 
variability we produced through our experiment, ponderosa pine was more tolerant of the 
warming treatments than Douglas-fir. Survival rates were almost twice as high in the warmed 
only treatments for ponderosa pine than they were for Douglas-fir. This is consistent with 
understanding of the environmental requirements of the two species. In the Colorado Front 
Range, ponderosa pine occupies all aspects in the lower montane zone but generally occupies 
only relatively warm, dry south-facing slopes in the cooler, wetter upper montane zone (Peet, 
1981; Kauffman et al., 2006). Throughout North America, the overlapping distributions of 
ponderosa pine and Douglas-fir (Burns & Honkala, 1990) are largely due to the intersection of 
different climate envelopes occupied by the two species. Douglas-fir extends to colder and more 
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northerly latitudes than ponderosa pine, while the distribution of ponderosa pine extends further 
into hotter more southerly latitudes.  Also, while ponderosa pine is generally shade intolerant, 
Douglas-fir is more shade tolerant and does well in the understory of ponderosa pine forests. At 
midday the experimental plot was entirely unshaded and this likely created conditions that were 
less tolerable for Douglas-fir than for ponderosa pine.  
Given the limited growth and low survival we observed under the warmed treatments in 
our experimental setting, natural post-disturbance regeneration is likely to be more limited under 
warmed conditions (Van Mantgem et al., 2009). It is less clear how precipitation regimes are 
changing given human-induced climate change. However, even if precipitation were to increase, 
our study suggests that ponderosa pine and Douglas-fir will regenerate less successfully under 
warmed conditions, as growth and survival were only slightly better in the warmed and watered 
treatment plots than in the warmed only plots.  
Our study has important implications for the management of dry, ponderosa pine forests. 
Some recently burned areas may be less likely to return to forested conditions under a warmer, 
drier climate regime. Areas that burn, which were previously occupied by both ponderosa pine 
and Douglas fir are less likely to rapidly regenerate under warmed conditions. Although further 
study is needed, our findings suggest that the abundance of both species may decrease and that 
the relative abundance of ponderosa pine to Douglas-fir may increase. Moreover, in some areas, 
it is possible that non-forested conditions dominated by herbaceous and shrub species may 
persist for relatively long periods of time following fire.  
Post-fire rehabilitation practices such as planting conifers may offset anticipated changes 
in post-fire vegetation trajectories, but our study suggests that this approach will be of limited 
success. Conifer regeneration involves numerous stages, including seed production, seed 
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dispersal, germination, establishment, and subsequent growth and survival (Williams, 2009).  
Although seed production, germination and other early-stage regeneration processes are sensitive 
to climate, our study demonstrates that the growth and survival of ponderosa pine and Douglas-
fir seedlings is also very sensitive to temperature and moisture.  
In field experiments, the ideal circumstance is to have climate conditions in the 
experimental years that are relatively typical of conditions in the longer-term climate record. 
Even prior to human-induced climate change, annual temperature and precipitation patterns were 
highly variable from year to year. Mean summer temperatures were above average in 2013. With 
regard to precipitation, summer conditions started out drier than average but ended with a flood 
event in September that resulted in total monthly precipitation that was comparable to what is 
usually received over the course of an entire year. For approximately two weeks during and after 
the flood event, access to the site was not possible due to road damage and closures. When we 
regained access to the site in the fist week of October, we immediately ended the experimental 
treatments and took our final season measurements. The site did not appear to have been 
significantly affected by the flood event (e.g., no signs of major erosion or notable changes in 
seedling survival or growth since our last trip out to the site in early September), but we cannot 
be certain that the flood event did not have some impact on our end of season data.  
In addition to the direct effects of warming temperatures and altered precipitation regimes 
on post-fire conifer regeneration, climate change may also result in indirect effects through the 
alteration of disturbance regimes. In the western U.S., the frequency of large wildfires has 
increased in recent years (Westerling et al., 2006), and in the southern Rockies ecoprovince 
(which includes the Colorado Front Range), research has also documented increased fire severity 
(Dillon et al., 2011). In Colorado, temperatures have already increased notably over the last few 
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decades (Ray et al., 2008) and are projected to continue to rise. Increased fire occurrence coupled 
with warmer, drier climate conditions may mean that in some areas, relatively drastic and rapid 
vegetation changes may occur. Following wildfires, new species assemblages may emerge as 
establishment occurs most abundantly among species best suited to the current climate rather 
than those favored previously (Spittlehouse & Stewart, 2003; Johnstone et al., 2010). 
Conclusion 
 
 The results of our study suggest that under projected climate change scenarios, post-
disturbance regeneration of ponderosa pine and Douglas-fir may be more limited in the future 
than historically in lower montane forests of the Colorado Front Range.  In recently burned areas 
of high tree mortality, conifer regeneration may be restricted to relatively small areas that 
provide suitable microclimate conditions such as higher elevations and north-facing slopes.  It is 
possible that some lower montane forests could experience a transition to grasslands or 
shrublands in post-wildfire landscapes.  
This research has important implications for the management of lower montane forests of 
the Colorado Front Range. Resource managers should anticipate possible shifts in forest 
composition following wildfire. Specifically, our results suggest that following fire; the relative 
abundance of Douglas-fir and the overall abundance of conifers may decrease, with cover by 
non-forested vegetation such as grasses and shrubs increasing.  Post-fire rehabilitation efforts 
such as planting conifer seedlings may not offset these anticipated changes given that growth and 
survival of ponderosa pine and Douglas-fir seedlings will likely be inhibited by increased 
temperatures. This may result in some burn sites devoid of conifer regeneration for extended 
periods of time.  Carbon sequestration and other ecosystem services may be impacted by this 
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transition, which may further exacerbate climate change and the long-term sustainability of 
forest ecosystems.  
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Appendix  	  
Table 1. Ponderosa pine vs. Douglas-fir: Mann-Whitney U-test pairwise comparison results 
between species samples under each treatment at a 95% confidence level. 	  
    Median 
Height 
Growth 
Rate 
  Median 
Above-
Ground 
Biomass 
  Median 
Root 
Biomass 
  Median 
Survival 
Rate 
  Median 
Root to 
Shoot 
Ratio 
  
Species Treatment 
Type 
P-
Value 
P-
Value 
P-
Value 
P-
Value 
P-
Value 
Ponderosa pine A 6.3 <0.001 12.9 <0.05 4.9 n.s. 66.7 <0.05 0.43 n.s. 
Douglas fir A 0.0   5.7   2.8   16.7   0.52   
Ponderosa pine C 7.6 <0.05 21.8 <0.001 11.1 <0.001 85.7 n.s. 0.34 n.s. 
Douglas fir C 2.8   8.2   4.4   75.0   0.36   
Ponderosa pine B 11.7 n.s. 50.6 <0.001 16.9 <0.001 100.0 n.s. 0.42 n.s. 
Douglas fir B 8.4   20.9   7.2   100.0   0.45   
Ponderosa pine D 8.9 <0.01 37.1 <0.001 13.9 <0.001 100.0 <0.05 0.36 n.s. 
Douglas fir D 6.0   21.5   6.6   83.3   0.34   
 
 
 
